A great interest of using curved pipes was shown in the industrial applications due to many advantages such as developed agitation which could be obtained as an alternative to the conventional agitation at lower energy consumption and reduced cost. A computational investigation was conducted in this study to contemplate on the enhancement occur in the mixing flow upon using single and multi-loops helical coil compared with a straight tube. The objective was to optimize the number of loops in the helical coil. The computations were achieved via "Fluent software" in which 3d, second order upwind were used for all cases studied. The study consisted of four parts in which the numerical error study was conducted in the first part to optimize the grid meshing and to make sure that the results are independent of it. The effect of using the helical coil on the pressure drop was conducted in the second part. The third and fourth parts of the study were devoted to envisage the enhancement of applying the curved loops in the coil on the heat and mass transfer, respectively. The main findings of the study were limited effect of single loop coil on the heat and mass transfer processes. Better effect was depicted upon increasing the number of loops in the helical coil into 2. However, applying 2 loops has resulted in building up higher pressure drops. Moreover, the pressure drop was shown slightly higher in the case of applying water when compared with air.
Introduction
Flow in curved section has been identified as a passive technique that could enhance transport phenomena [1] . In 1927, Dean [2] has reported for the first time the characteristics of flow in a curved section. He denoted that a flow pattern in a helical coil is complicated due to the formation of secondary flow. He stated that a pair of symmetric vortices is formed on the cross-sectional plane due to centrifugal force. The strength of secondary flow is characterized by Dean number (De):
= � � where Re, Rc and α are Reynolds number, coil radius and tube radius, respectively.
This kind of flow pattern is known to impart better contact between the surface of the tube and fluids due to the formation of swirl which leads to mixing the fluid and improves the mass and momentum diffusion coefficients as well as the temperature gradient. For heating and mass transfer applications, the advantages were demonstrated by increasing the transfer rate and providing higher heat and mass transfer area per unit volume of space. Using curved tubes in specific reaction applications was marked with homogenization of feed streams with a minimum residence time [3] . It was mentioned in the literature that using the helical coil instead of the straight tube for continuous flow problems enhanced the degree of mixing and reduced the required tube length by 20% for Newtonian fluid in laminar flow [4] . Hence, voluminous number of papers, published through nine decades, have discussed the transport phenomena in curved section from different perspectives. Many of these papers highlighted enhancement on the heat exchanger performance upon enforcing flow in a traditional helical section [5] [6] [7] . Other papers discussed the fluid flow and heat transfer in concentric helical section and other configurations [8] [9] [10] [11] [12] . The geometry of the helical section was found quite critical on enhancements in momentum, mass and heat transfer. Several configuration parameters such as length of spiral pipes, number of turns, coil radius, helix diameter were studied by several research groups [13] [14] [15] . In studies of helical double heat exchanger, it was found that heat transfer increased by increasing the inner Dean number, inner tube diameter, curvature ratio, and by the reduction of the pitch of the heat exchanger coil [14] . In regards to the number of loops in the helical coil, Jassim [16] has tested two coils of same length and different number of loops, 5 and 10. He reported that increasing the number of loops per unit length of spiral coil enhances the rate of heat transfer through spiral coil heat exchanger. In contrast, Ranjbar and Seyyedvalilu [14] reported that increasing the number of loops in a double tube exchanger led to a significant decreases in the heat transfer coefficient. They denoted that increasing the number of coils from 1 to 6 led to an 80% decrease in the estimated overall heat transfer coefficient. On the other side, CFD study and experimental investigations, conducted in our previous work [17] , have discussed the application of helical section for separation of gaseous species from carrying liquid. The results have shown that two loops helical section was sufficient to achieve the full separation of arsenic hydride and the hydrogen gas from the liquid phase and their transfer into the accompanying gas phase.
To the author knowledge, no clue is shown in the literature that could present a guideline to contemplate on the number of loops and its reflections on the helical tube performance. Hence, this study is dedicated for this purpose and to elucidate the effect of increasing the number of loops on the transport properties. It's worth noting that a considerable time was consumed to complete this study, as the computations were conducted through a personal computer and most of the cases studied took several hours to converge. This limitation was the reason for adopting no more than 2 loops helical coil.
The study consisted of four parts. In the first part, a systematic error estimation for the pressure drop computation was conducted in order to verify the certainty of the solutions obtained. The second part was dedicated to study the effect of using the helical coil on the pressure drop as well as computing the radial and axial pressure drop in the curved section of the coil. The computation was achieved using air and water separately in order to conceive the effect of the fluid type on the process. The third part was dedicated to envisage the effect of using single loop coil on the heat transfer process. The computations in this part were achieved using water which was assumed to be introduced into the mixing section from two inlets with different temperatures. The fourth part was devoted to study the effect of using the coil on the mass transfer process. A mixture of (Ethanol-water) was assumed to be introduced into the mixing section from the bottom inlet while the top inlet was used to introduce a stream of pure water. The computations were achieved by using "Fluent software" in which 3d, second order upwind, proper grid meshing and sufficient number of iterations were used for all the cases studied.
Problem Statement
It is assumed that two streams (A&B) are introduced into the mixing section through (T-junction), where each of these streams enters at one of the T-junction sides. The mixing section is studied in three cases; the first is a straight tube while the second is helical coil composed of one loop and the third is helical coil of 2 loops. The schematic diagram for straight tube and one loop coil is shown in Figure 1 .
Mathematical Model
It is assumed that the flow is applied in terms of Cartesian coordinates with steady state conditions and constant transport properties. Symbols: • y -momentum:
• z -momentum:
In order to introduce the dimensionless quantities, we choose characteristics fixed scales for length (Lo) and velocity (Vo). The variables in above equations can be identified by using these fixed scales as follows:
, ,
(where ρ = constant density)
Multiplying both sides of equation (a1) • Boundary conditions:
In the case of inlet boundary conditions, the values of velocity are known for the two inlets of the (T-junction), while the pressure at outlet edge is zero.
The inlet velocities at both T-junction sides can be normalized to get the following:
The above equations were applicable in the first part of the study, where the effect of using the coil on the pressure drop is studied without imposing effect of the heat and mass transfer.
In order to study the effect of using the coil on the heat and mass transfer rates, a mathematical description was given by using the energy and species equations as follows: The values of temperature and species concentration are known for the two inlets of the (T-junction), thus:
The inlet temperature and species concentration at both T-junction sides can be normalized to get the following dimensionless values:
, , ,
Solution Steps
The system configuration has been sketched using Gambit software as shown in Figure 1 . For the case of 2 loops coil (not shown in Figure 1) , two turns of a helical coil (1.0 mm ID) with a top and bottom turn radius of (R =1 mm) and 19.06 mm total assembly length, is applied. The case files exported to Fluent with specific grid size (Tet/ Hybrid mesh type) for each case. (3d), second order upwind, and (1*10 -10 ) residuals were set in Fluent in order to get the required accuracy for solution.
Numerical Error Study
In the first part of the study, a systematic error estimation study for the pressure drop computation was conducted to conclude the solutions certainty. Ambient air with the same velocity was assumed to be introduced into both T-junction sides. Similar positions were selected for computing the pressure drop for both straight tube and 1 loop coil. The first position was 0.5 mm after the T-junction, the other one was 0.5 mm before the outlet edge. Table 1 and Table 2 Table 1 and Table 2 , versus the applied grids size. In similar way, (Fe) was calculated for other grid cells and the results are shown in Table 3 and Table 4 
Results and Discussion
The results of the numerical error study have shown limited changes for the calculated pressure drop upon using 0.1 mm grid size. Hence, all further computations in this study were conducted using 0.1 mm grid cell size, 3d and second order upwind. Enough number of iterations were applied for all the cases studied to get the required accuracy
Effect of using helical coil on the pressure drop
The pressure drop has been computed for a straight tube, single loop coil and two loops coil in two positions as stated above. Figure 6 illustrates the trend of pressure drop increase downstream the tube with increasing Reynolds number (increasing velocity of the fluid with constant density and viscosity) for all studied cases. Figure 6 illustrates a pressure drop increase due to effect of using curvature section is more obvious when increasing Reynolds number (fluid velocity). The computed normalized values of the pressure drop are shown in Table 5 where slightly higher values were observed for water. Although the difference is very small, this result indicates that pressure drop, produced from using helical coil, is more effective in the case of liquids. 
Pressure drop in the curved tube section
In order to describe the flow in the tube curved section, the terms of cylindrical coordinates were applied for this purpose. When fluid flows through a curved tube, it experiences a positive pressure gradient arising in the radial direction due to the centrifugal force, which can be expressed by the following equation [3] :
where: d = tube diameter, D = coil diameter = 4d (in our case), u = average velocity
The pressure drop in the axial direction can be expressed by the following equation [3] :
where: L = length of coil fc = friction factor of the curved tube, can be expressed by the following empirical equation [3] : The values of radial and axial pressure drop were calculated based on the magnitude of velocity which was computed as an average for iso surface taken at the position mentioned above. Figure 9 illustrates that higher values were obtained for the radial pressure drop in comparison to the axial pressure drop. This result can be attributed to the secondary motion that produced from the centrifugal force which acts outward from the centre of curvature on the fluid elements. This motion produces almost uniform pressure gradient at normal lines parallel to the centre axis (axis of symmetry). In contrast, the axial velocity is much faster in the core region, which means limited pressure gradients in other directions. Figure 10 illustrates the contours of total pressure at position (iso surface, θ = 270 o ) of the curve.
Effect of using the single loop helical coil on the heat transfer
The two inlets into the T-junction have been set at different temperatures in order to extract the effect of using the helical coil on the heat transfer. Water has been introduced with the same velocity 0.025 m/s into both T-junction inlets but with different temperature at the bottom inlet for each case studied (325, 350, 375, 400 and 450 K), while the top inlet kept with the same temperature (300 K). Although uniform heat capacity and thermal conductivity were assumed in the mathematical description, all parameters (density, viscosity, specific heat and thermal conductivity) change with temperature has been taken into consideration in which a linear interpolation (piecewise-linear) has been set in Fluent to calculate the correction needed with temperature change. Table 6 illustrates the computed values of the temperature at the specified position as well as the physical parameters at that place and the calculated Prandtl number. 
Effect of using single loop helical coil on the mass transfer
The effect of using the coil on mass transfer has been studied by introducing a mixture of (ethanol-water) into the bottom inlet of the T-junction, while pure water was introduced into the top inlet with the same velocity of bottom inlet (0.025 m/s). Four combinations of (Ethanol-water) were used to study the case for both the straight tube and the single loop coil, and the Schmidt number was calculated at position (x = 5 mm) before the outlet edge. The study was achieved with assumption of similar temperature for both inlets (300 K). Species model and the energy equation have been switched on in Fluent. All physical parameters have been set in Fluent as (mixing law) in order to consider the effect of mixing on the parameters change, except the value of liquid diffusivity for the (Ethanol-water) mixture which was taken constant (128* 10-11 m2 /s at 298 K and 1 atm); however, it was corrected according to the computed temperature in each case [18] in order to be used for calculating Schmidt number. The computed temperatures at the specified position were nearly (300 K) for straight tube and the single loop coil, while 302 K was calculated in the case of 2 loops coil. Table 7 illustrates the parameters calculated at the specified position for a straight tube and 1 loop coil.  It is expected the effect will be more obvious on the heat and mass transfer when using a helical coil with more than two loops. This is targeted for future work in which the computations should be conducted through a powerful work station.
